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1. Introduction 
The storage vesicles of catecholamines in the 
adrenal medulla, i.e., the chromaffln granules, contain 
a remarkably high content of catecholamine (> 0.5 M) 
and nucleotides (mainly ATP, -0.1 M), as well as sub- 
stantial amounts of acidic protein (chromogranin A) 
and divalent metal ions [ 1,2]. The mechanism by 
which such high concentrations are stored is unknown. 
Suggestions have been made that catecholamines 
participate in non-diffusible storage complexes with 
ATP [3,4] or with ATP together with divalent metal 
ions [S], or that catecholamines form aggregates with 
ATP which may play a role in their storage [6]. The 
possible formation of either binary catecholamine- 
ATP complexes or ternary complexes with metal ions, 
in aqueous solution, has been demonstrated by several 
spectroscopic studies [7-l 51. Recently, on the basis 
of potentiometric and ultraviolet absorption measure- 
ments of ternary catecholamine-metal ion-ATP 
complexes, a ‘metal-coordination hypothesis’ [ 161 
was proposed in which the storage of catecholamine 
is attributed to the formation of multinuclear struc- 
tures which contain catecholamine, ATP, divalent 
metal ions, and possibly phospholipids. It suggests that 
catecholamine chelate divalent metal ions either 
through ionized ring hydroxyls or through the amine 
and the &hydroxyl of the side chain. However, 
examination of this hypothesis reveals several incon- 
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sistencies. Appreciable coordination of catecholamine 
with Ca” and Mg2’ is found to take place only at 
pH > 8 [ 12,151. With equimolar Ca2+ or Mg” the 
chelation by catecholamine is negligible at physiolog- 
ical pH [S] ; at this pH a loo-fold excess or more 
over the catecholamine is needed to produce signifi- 
cant chelation. Metal ions such as CL? and Fe? 
associate somewhat more strongly with catecholamine 
at neutral pH [ 13 ,141, but their concentrations in 
the storage vesicles are too low to account for the 
storage of catecholamine. Furthermore, at physiolog- 
ical pH the amine group of catecholamine is proton- 
ated and will not bind to positivelycharged metal 
ions. The finding that the pH inside the chromaffm 
granules is actually acidic, i.e ., pH - 5 5 [ 171, sub- 
stantiates the arguments against the ‘metal-coorciina- 
tion hypothesis’ as a mechanism for the storage of 
catecholamine. 
In a series of NMR studies of catecholamine in 
aqueous solutions [ 18-211 it has been demonstrated 
that at basic pH, catecholamine being in the zwitter- 
ionic or the anionic forms, chelate metal ions either 
in binary or in ternary complexes with ATP. NO 
chelation occurs between catecholamlne and metal 
ions at neutral or acid pH where the major part of 
the catecholamlne (X7%) is in the cationic state. 
However in the region of this pH, ternary complexes 
are formed in which the metal ion is chelated by ATP 
and the catecholamine molecule also binds to the 
ATP molecule, without having any direct interaction 
with the metal ion. The stability and structural 
properties of these complexes, with regard to the 
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catecholam~e, are actually independent of the type 
of metal ion chelated by ATP 1211. Thus, in the 
ternary complexes formed at basic pH, the metal 
serves as a bridge between the ATP and the catechol- 
amine molecules (type I complex), whereas in the 
ternary complexes formed at neutral or acid pH, ATP 
serves as a bridge between the metal ion and the cate- 
cholamine molecule (type II), and the latter is actually 
‘outer-sphere’ coord~ated with respect o the metal 
ion. 
It is the purpose of the present study to show that 
ternary complexes of type II are formed in the storage 
vesicles of catecholamine. Implications of this result 
with regard to the role of ATP and divalent metal ions 
in the storage of catechol~~e are discussed. 
2. Materials and methods 
Chromaffln granules were prepared from bovine 
adrenal medulla by the method in 1221. In order to 
reduce the amount of water the granules were washed 
3 times with isotonic sucrose solution in DzO. ‘H NMR 
spectra of the granules were recorded immedia~ly 
after their preparation on a FT-Bruker WH-270 
spectrometer oiperating at 270 MHz, equipped with a 
Nicolet model 1180 32-K computer. Homonuclear 
decoupling was used to suppress the MD0 signal. 
Absorbance measurements were performed on a 
Cary Model 15 recording spectrophotometer. 
3. Results and discussion 
The type of complexation that takes place between 
catecholamine and metal-ATP chelates can be deter- 
mined by introducing the cobaltous ion to form the 
ternary complex. Co”’ provides an excellent probe 
since it produces completely different effectsin the ‘H 
NMR spectra of catecholamine associated in either 
type of the ternary complex. Formation of the type I 
complex results in considerable broadening and large 
down-iield shifts in the catecholamine r sonances, 
whereas formation of the type II complex results in 
relatively slight broadening and significant up-field 
shifts [ 191. Therefore by monitoring the effect of Co2+ 
on the reson~ces of catechol~~e in the chromaf~n 
granules, the type of complexation can be directly 
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determined. In order to use this method in the pres- 
ent case, two conditions have to be satisfied, namely 
that the Co” enter into the vesicles and that the 
catecholamine molecules (or at least most of them) 
remain stored inside the vesicles during the experi- 
ment. 
Figure 1A shows the ‘H NMR spectrum of chro- 
maffln granules, The lines labeled &+ and CHs are 
split. The sharp components at the down-meld side of 
these resonances were formerly assigned [ 11,231 to 
the epinephrine molecules which have diffused out of 
the chromaffln granules, while the corresponding up- 
field components were assigned to the inner epin- 
ephrine. This was confirmed in the present work by 
comparison of the spectra of intact and lysed vesicles. 
Upon progressive additions of Co2*, the resonances of
the extra- and intravesicular epinephrine coalesce and 
are shifted up-field (fig.lB). As discussed above, this 
indicates the formation of a ternary complex of 
type II. The resonances of the intravesicular ATP and 
protein are considerably broadened, actually beyond 
the detection limit, as a result of direct association 
with Co2+. This effect clearly provides the evidence 
that Co2’ have entered into the chromaffm granules. 
The ultraviolet spectrum of the same granule suspen- 
sion was recorded immediately after the NMR measure- 
ments and compared with that of a lysed granule suspen- 
sion. The optical density at the wavelength of maxi- 
mum absorption of catecholamine (at X = 197.5 nm) 
was found to be 0.7 of that of the lysed sample. This 
indicates that about 70% of the total amount of the 
catecholam~e r mained intact inside the chromaf~n 
granules [24]. 
Recent analysis of NMR spectra of bovine chro- 
maffm granules [25,26] showed that the intravesicular 
medium consists of a fluid phase that is essentially 
isotropic and is characterized by relatively low viscos- 
ity, similar to that of dilute aqueous olution. Further- 
more, the proton resonances of both ATP and epin- 
ephrine, in the chromaffin granules, were found to be 
shifted up-~eld,relative to their free states,in amounts 
comparable to the association shifts in aqueous olu- 
tion [ 111. In addition, we have now shown that Co* 
shifts the ~atechola~e resonances up-field, also 
similarly to aqueous olution. It thus appears that 
there is a marked similarity between the interactions 
of catechol~~e in aqueous olution and in the 
storage vesicles. Based on these similarities, the quan- 
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Fig.1. ‘H NMR spectra of intact chromaffin granules before (A), and after addition of 40 mM CoCl, (B) at 7°C. The resonances 
labeled @H, CH, and CH, belong to epinephrine, and those labeled H, and H, to ATP. 
titative results obtained for the aqueous ystem were 
used to estimate the amount of catecholamine com- 
plexed with ATP, in the absence and presence of 
divalent metal ions, in their storage vesicles. Fractional 
concentrations of bound catecholamine calculated 
with the data reported for the binary [20] and ternary 
[21] complexes are shown in fig.2. Evidently, when- 
Fig.2. Calculated fractional concentrations of catecholamines 
bound in binary complexes with ATP (a) or in ternary com- 
plexes with 1: 1 metal-ATP chelates (b), and of catechol- 
amines liberated from the binary complexes upon the chelation 
of a divalent metal ion by the ATP molecule (c). The solid 
and the dashed lines correspond respectively to concentra- 
tions of 0.1 M and 0.01 M for ATP or the 1:l metal-ATP 
chelate. 
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ever catecholamines are in excess over ATP, an appre- 
ciable fraction is not bound. This is even more marked 
in the presence of divalent metal ions, since the forma- 
tion of ternary complexes, from the binary, cause 
liberation of about half the catecholamine which was 
found to ATP (cf. curve c of fig.2). As the catechol- 
amine/ATP molar ratio in storage vesicles of catechol- 
amine was found to vary from 4-12 [3,427,30], 
complex formation with ATP or with metal-ATP 
chelates cannot by itself be responsible for the storage 
of catecholamine. Recent observations [3 l] that ATP- 
free granules can also store catecholamine substantiate 
this conclusion. 
In summary, the present study indicates that in 
the chromaffm granules there is no significant chela- 
tion between catecholamine and divalent metal ions 
and that the interaction is indirect, and mediated by 
ATP. Further evidence is provided that although part 
of the catecholamines are complexed with ATP inside 
the chromaffin granules, neither the binary nor the 
ternary complexes in the presence of metal ions can 
account for the storage of high concentrations of 
catecholamine. Since the composition of the storage 
vesicles of catecholamine of sympathetic nerves have 
been found to be similar to that of chromaffm gra- 
nules [32], it seems reasonable that this conclusion is 
relevant in general for the storage vesicles of catechol- 
amine. 
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